Dryland river deposits are archives of past changes in fl uvial-system form and process. Chronostratigraphic reconstruction of the late Holocene alluvial history of the Cuyama River in west-central California reveals past spatial and temporal variation in dryland channel form and process. The modern Cuyama River consists of a wide braided reach in the upper drainage basin, a narrower arroyo reach in the middle of the drainage basin, and a bedrock canyon reach in the lower drainage basin that drains to the Santa Maria coastal plain. Along the arroyo reach, late Holocene stratigraphy is well exposed and is the focus of this study. Between ca. 1700 and 350 yr B.P., two widespread deposits of tabular-bedded clay, silt, and fi ne sand were deposited, separated by a buried soil formed between 950 and 700 yr B.P. Channel incision occurred between 550 and 350 yr B.P. Next, deposition of massive to bedded sands occurred in a pattern alternating between poorly confi ned deposition on top of older deposits onto the broad valley fl oor, and channelized deposition along the valley axis inset into older deposits. The superposed deposits now underlie the main valley terrace, and the valley-axis deposits are preserved as inset fi ll terraces. Historical arroyo cutting then formed a 65-km-long arroyo ca. 150 yr B.P.
INTRODUCTION
Dryland channels display considerable spatial variability in form and process. This complexity occurs across a range of spatial scales. The end members of this spectrum are (1) large ephemeral channels that alternate between sections of wide braided and narrow entrenched reaches and (2) small discontinuous ephemeral streams, which are characterized by entrenched channel segments leading to aggrading channel fans and zones of overland fl ow, and then to the next entrenched reach via steep headcuts (Schumm and Hadley, 1957; Leopold et al., 1964; Packard, 1979; Patton and Schumm, 1981; Bull, 1997; Pelletier and DeLong, 2004) . Linkage between stratigraphic studies of past fl uvial system dynamics and the spatial complexity of present-day channels requires detailed stratigraphic and geochronological analyses on a fairly large spatial scale. Our primary goal in this study was to create a chronostratigraphic database with enough spatial and temporal resolution to characterize past spatial complexity in channel form and process along a large ephemeral channel.
Perhaps the best-studied class of dryland channels is arroyos, which are alluvial channels with steep alluvial banks. Considerable effort has been made to understand the causes of rapid transition from unincised alluvial channel-fl oodplain systems to well-developed arroyos because the effects of rapid channel incision are often detrimental. Arroyos form by rapid fl uvial erosion into an alluvial channel bed, causing an abrupt change from a coupled channel-fl oodplain system to an entrenched channel that is largely disconnected from the former fl oodplain. At a point along the channel, arroyos evolve through a cycle characterized by alternation between periods of rapid fl uvial incision and much slower fl uvial aggradation (Bull, 1997) . Along a channel reach, these cycles are manifest by the upstream-directed, rapid transmission of a locally steep channel knick zone and subsequent, slower channel aggradation.
Arroyo formation can lead to changes in surface-water dynamics, lateral erosion of fl oodplain sediments, excessive downstream fl oodplain sedimentation, reduced local fl oodplain inundation, increased fl ood hazard, and profound ecological disruption. Humans in dryland regions dependent on surface water for agriculture and grazing have been affected by arroyo cutting and changing planform channel geometry for millennia. Examples of this from the American Southwest include ancestral Puebloan migration to loci of channel aggradation at McElmo Canyon (Force, 2004) , migration of Hopi agriculture to arroyo-mouth fans in several valleys draining Black Mesa (Hack, 1942) , ancestral Puebloan abandonment of Chaco Canyon during arroyo entrenchment, and later resettlement of the canyon utilizing watercontrol measures to counter geologic changes (Force, 2004) , and ancestral Puebloan abandonment of Cha Canyon after arroyo cutting around 900 yr B.P. (Lindsay, 1961) . Waters and Field (1986) documented the relationship between details of discontinuous stream geometry and patterns of Hohokam agriculture and archaeology near Tucson, Arizona.
Many causes of arroyo formation have been identifi ed. Bull (1997) and Graf (1983 Graf ( , 1988 and Cooke and Reeves (1976) provided detailed descriptions of the history of arroyo research and presented multiple hypotheses related to arroyo formation and process. The wide range of suggested causes of arroyo formation include watershed overgrazing (Dodge, 1902; Rich, 1911; Duce, 1918; Bailey, 1935) , human modifi cation of channels (Betancourt and Turner, 1993; Waters, 1988) , short-term climate change (Hack, 1942; Waters and Haynes, 2001) , low water tables and dry conditions (Karlstrom, 1988) , increased fl ood intensity or fl ood frequency (Hereford, 2002; Huckleberry and Duff, 2008) , return of intense precipitation following or during drought periods (Balling and Wells, 1990; Tucker et al., 2006) , and "complex response"-in which an internal fl uvial system threshold (often channel gradient or discharge) is crossed, initiating a series of responses within the fl uvial system that include incision into the channel bed, channel narrowing, and focusing of fl ow in a positive feedback. Complex response may operate in concert with, or independent of, climate change (Schumm and Hadley, 1957; Schumm, 1973; Patton and Schumm, 1981; Pazzaglia, 2005) .
Though many geologists have invoked one or more of these causes to specifi c cases of arroyo formation, it has been long apparent that different triggers may have led to arroyo formation in different systems (Bryan, 1925) . Additionally, it is unlikely that any particular process occurs in total isolation, so a combination of forces may be invoked in many cases. The widespread arroyo cutting that initiated near the turn of the twentieth century in the southwestern United States may indicate that regional climate variation "primed" the fl uvial systems in such a way that other, local triggers readily initiated channel bed incision (Bryan, 1925; Bull, 1997) . Much of the recent literature on arroyo formation (e.g., Knox, 1983; Balling and Wells, 1990; Waters and Haynes, 2001; Hereford, 2002; Pazzaglia, 2005) concludes that regional climate factors are primary causes of arroyo formation. Mann and Meltzer (2007) took this a step further and suggested that, because some periods of change in fl uvial system process correspond with known climate shifts such as the Younger Dryas, the Altithermal, the Medieval Warm Period, and the Little Ice Age, other climate system changes must have occurred at other times of widespread fl uvial process change.
Twentieth-century arroyos are extensive in the southwestern United States (Cooke and Reeves, 1976) . Detailed studies of the stratigraphic records along many arroyos in the southwestern United States indicate that periodic arroyo formation occurred during the Holocene, typically with century-to millennialscale cyclicity. Examples of this are widespread, including along the San Pedro, Santa Cruz, and Gila Rivers in southern Arizona, which indicate an apparently increasing frequency of arroyo cutting through the Holocene, including arroyo cutting historically and at 500, 1000, 2000, 2500, and 4000 yr B.P. in a number of watersheds (Waters and Haynes, 2001; Waters, 2008) . In the Colorado Plateau, several studies indicate a generally synchronous pattern of cut-and-fi ll cycles, and they emphasize arroyo cutting during the late nineteenth and early twentieth centuries, and paleoarroyo formation between 1000 and 500 yr B.P. (Webb, 1985; Hereford, 1987; Karlstrom, 1988; Webb et al., 1991; Hereford et al., 1996; Mann and Meltzer, 2007; Huckleberry and Duff, 2008) . In New Mexico, late nineteenth and early twentieth century arroyo formation followed a penultimate episode of channel incision ca. 3000 yr B.P. along many rivers (Pazzaglia, 2005) .
Several examples of spatial patterns of coincident incision and aggradation along different reaches of a channel add complexity to the interpretation that rivers switch between periods of aggradation and incision through time. Bull (1997) detailed the spatial complexity in modern arroyo systems and discussed, in detail, evidence for paleoarroyo cycles in many fl uvial systems. He also discussed evidence for spatial complexity from the stratigraphic record based on Haynes' (1973 Haynes' ( , 1976 studies of deposits at Curry Draw in Arizona. These studies report overlapping ages for pre-entrenchment deposits upstream and subsequent basal channel-fi ll deposits downstream, indicating the possibility that synchronous aggradation was occurring upstream and downstream of an incising arroyo reach. Hack (1942) provided one of the earliest detailed discussions of the geometric possibilities of a series of spatially complex cut-and-fi ll sequences, including migrating arroyo-mouth fans, differing fi ll elevations through time and space, and the resulting range of possible valley cross sections at various points along a channel reach. Germanoski and Harvey (1993) recognized that in strongly degradational regimes, such as postwildfi re sediment-pulse channel reequilibration, complex degradational terraces can form along one channel reach while aggradation occurs farther downstream, leading to an array of geomorphic surfaces with complex temporal relationships. Kochel et al. (1997) reported on spatially complex responses to short-term climate variation during the twentieth century in San Diego County, California. Graf (1983 Graf ( , 1988 explained in some detail the way in which temporal lags in larger river systems due to temporary sediment storage and threshold behavior can lead to spatial variance in channel process.
An example of spatial complexity in fl uvial process from farther back in the Holocene comes from Chaco Canyon, where loci of aggradation and incision migrated upstream along the studied reach (Force, 2004) . This wave-like instability at Chaco Canyon, and Hack's (1942) recognition of migrating arroyo-mouth fans near Black Mesa, Arizona, are similar to the process described conceptually by Bull (1997) based on observations of modern process, and quantifi ed by Pelletier and DeLong (2004) using a numerical model and observations of several modern arroyo systems. A recent study from Australia (Erskine and Melville, 2008) detailed spatial variability in channel geometry in tributary systems and suggested that the timing of fl uvial incision and aggradation in their study area varied considerably along channel reaches and between adjacent tributaries.
This inherently complex nature of fl uvial process over both space and time leads to deposition of complex sedimentary archives. This study was partially motivated by the notion that many interpretations of past fl uvial process are limited by the diffi culty of generating accurate geochronological data sets with suffi cient spatial density to elucidate spatial patterns through time along a large channel reach. The extensive exposures of late Holocene stratigraphy along the Cuyama River in southern California afforded a logical place to test our ability to construct a data set that could further illuminate the complex sedimentary and topographic geometries that arise from past fl uvial-system dynamics.
STUDY SITE
The Cuyama River drains a large (>2100 km 2 ), moderate-relief (~1500 m), tectonically active drainage basin at the junction of the southern Coast Ranges and the western Transverse Ranges in south-central California (Fig. 1A) . The river can be divided into distinct sections based on morphology (Fig. 1B) . The upstream NNW-fl owing reach drains several alluvialfl oored tributary canyons, and it is a wide, unentrenched, braided, bed load-dominated channel. Just downstream of the prominent bend to the west, the river enters an ~65-km-long (alongthalweg distance) continuous arroyo reach, which is the main focus of this study. This reach is dominated by alluvial-bed channel, but there are locations where weak Tertiary bedrock is exposed on the channel bed. Below the arroyo reach, the river enters a narrow bedrock canyon and ultimately drains to the Santa Maria coastal plain and Pacifi c Ocean.
Subtle changes in channel gradient are often responsible for spatial variation in fl uvial process. The upstream, braided reach of the Cuyama River has an average slope of 0.009 and a broadly convex-up channel form (Fig. 1B) . This profi le form and channel type may be a result of high rate of bed load sediment delivery as the channel passes adjacent to the Cuyama Badlands, which have formed in the last ~100 k.y. and which provide a source for coarse clastic debris . Downstream, the arroyo reach has an average slope of 0.004 and a linear to slightly concave longitudinal profi le. Slightly higher slope in the upper arroyo reach is indicative of a diffuse knick zone that marks the head of the modern arroyo. As the channel passes along the tectonically young Sierra Madre range front, no signifi cant changes in channel slope are apparent.
The downstream bedrock channel reach has a broadly convex longitudinal profi le and an average slope of 0.005.
The arroyo reach contains a rich record of Holocene alluvial process and form in a fl ight of alluvial terraces and arroyo-wall exposures of alluvium up to 12 m thick. Cooke and Reeves (1976) noted the presence of an arroyo in Cuyama Valley and, based on unspecifi ed colloquial evidence, suggested it was among the oldest arroyos in the American Southwest, perhaps preceding the widespread arroyo cutting elsewhere in the American Southwest that occurred during the late 1800s and early 1900s (Bryan, 1925) . In map view, the axial portion of Cuyama Valley consists of the active channel, several small inset terraces, and an expansive terrace surface that is the largest axial feature in the valley. This "main" valley terrace acts as a present-day base level for some of the smaller streams draining the Caliente Range, but the larger streams that drain the Sierra Madre Range tend to be graded to the entrenched axial Cuyama River channel.
The arroyo reach considered in this study is an axial stream draining not only the upper watershed, but also several canyons on the south fl ank of the Caliente Range (elevation range of 500-1500 m) to the north and the larger Sierra Madre range (500-1700 m elevation range, with substantially more area above 1000 m than the Caliente Range) to the south, both of which are Neogene-Quaternary reverse-fault-bounded structural blocks. The geology and geomorphology of the pre-Holocene in Cuyama Valley have been detailed in Dibblee (1972) , Davis (1983) , White (1992) , Ellis et al. (1993 , 2008 . The Caliente Range is a late Pleistocene fold-and-thrust belt (White, 1992; Ellis et al., 1993) . The Whiterock fault deforms late Pleistocene piedmont sediments to the south of the Cuyama River, but there is no apparent fault interaction with either the active channel or Holocene sediments (DeLong et al., 2008) .
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A r e a o f F i g u r e 2 C a li e n te R a n g e S ie r r a M a d r e R a n g e The piedmont alluvial deposits on the south side of Cuyama Valley record episodic cut-andfi ll episodes during the late Pleistocene and early Holocene. The last time of widespread piedmont alluviation was during the cool and moist climate of the Last Glacial Maximum (LGM) . Interbedded piedmont and axial deposits are exposed in LGMage deposits, indicating that the Cuyama River likely incised up to 20 m during the early Holocene, perhaps as a lagged response to regional uplift after LGM sediment supply waned .
Cool, moist winters and hot, dry summers characterize the modern climate. On the valley fl oor, the mean annual temperature is 14 °C, and the mean annual precipitation is 15 cm. Vegetation along the valley axis is grass, dense woody shrubs and occasional stands of cottonwood trees. Local mountain-slope vegetation ranges from oak-juniper chaparral at lower elevations to pine forest above ~1500 m.
METHODS
In order to reconstruct a high-fi delity record of late Holocene fl uvial processes in Cuyama Valley, we performed surfi cial geologic mapping, stratigraphic description of sediments exposed in arroyo walls, and geochronology of sedimentary deposits. We applied both radiocarbon and optically stimulated luminescence (OSL) dating to constrain ages of the fl uvial deposits of Cuyama Valley, generating 97 Accelerator Mass Spectrometer (AMS) radiocarbon ages and 10 OSL ages. Twenty seven of the radiocarbon ages were previously reported in . All the OSL ages here were originally presented in DeLong and , though two are reinterpreted here following new model protocols as presented in Arnold et al. (2009) .
All radiocarbon samples are of detrital charcoal or wood; they were prepared for AMS analysis at the University of Arizona Desert Laboratory and analyzed at the University of Arizona-National Science Foundation Accelerator Facility. Samples taken from extensive layers of charcoal that appear to have burned locally provide the best age constraint, followed by layers of charcoal that, if they did not burn in situ, likely were deposited from hillslope or riparian charcoal with a minimum of transport time. Detrital charcoal that is disseminated within a sedimentary deposit provides the lowest confi dence that the age of the charcoal is the same as the age of the associated sedimentary deposit. The more isolated a piece of charcoal is, the more likely it is that it has experienced hillslope or riparian residence time. We discuss signifi cant age reversals and inconsistencies when discussing the timing of episodes of deposition.
Single-aliquot and single-grain OSL dating was performed at the University of Oxford Luminescence Dating Laboratory. Full details of OSL dating techniques may be found in DeLong and . OSL sampling was performed by sampling with opaque pipe in sedimentary beds at least 10 cm thick. Environmental dose rates were calculated using fi eld gamma spectrometry, and from samples in the laboratory using inductively coupled plasmamass spectrometry to determine abundances of radioactive elements. Past moisture content was assumed to be equal to modern and assigned ±50% uncertainty. OSL geochronology relies on accumulation of ionizing radiation in imperfections in the crystal lattice of minerals (quartz in this case). These traps are emptied ("bleached") upon exposure to light, and then they accumulate luminescence signal according to the environmental dose rate when buried and sheltered from light exposure. Quartz grains are bleached during sediment transport; however, in turbid fl uvial fl ows and nighttime fl oods, the grains may not get fully bleached. For this reason, populations of many aliquots or single grains are measured so that they may be treated statistically to determine the burial age of the sedimentary unit from which they were sampled. Bailey and Arnold (2006) and Arnold et al. (2009) discussed these issues, and advances in OSL age model selection, in detail.
Several features in the sedimentary archives were useful for correlation between often discontinuous exposures along the arroyo reach. These included erosional unconformities and characteristic sedimentary properties including grain size, sedimentary structure, color, marker beds, and buried soils. Correlation by these sedimentary characteristics alone proved to be challenging due to the subtlety of the sedimentology. Nearly featureless tabular beds of fi ne sand and silt tabular beds dominate the stratigraphic record. Hence, the development of a large geochronological data set was necessary.
Geochronological Data Reporting
Radiocarbon data presented in Table 1 include all ages in radiocarbon years and calibrated years, sorted spatially from upstream to downstream. Calibrated radiocarbon years are reported as the extent of 2σ calibration using Calib 5.0 (Reimer et al., 2004; Stuiver et al., 2005) and are reported as cal yr B.P. (before 1950). Table 2 lists OSL ages, which are given as years before 2002, when sampling was done. To directly compare calibrated radiocarbon ages to OSL ages, we added 52 yr to the calibrated radiocarbon ages and report the ages as yr B.P. Many of the radiocarbon ages fall in the <250 14 C yr B.P. age range, which is particularly problematic for calibration to calendar-year ages owing to fl uctuations in atmospheric 14 C concentrations during this period. As a result, these samples have broad calibrated age ranges from 50 to 350 yr B.P.
RESULTS

Stratigraphy
Detailed stratigraphic descriptions and uninterpreted fi eld photos are located in the online supplemental material (GSA Data Repository 1 ). The following sections draw from those descriptions. Particular locations along the Cuyama River are described as exposures E1-E19, and tributary canyon exposures are described as TE1-TE7. Sedimentary deposits are (from young to old) D3, D2, D1, and "pre-D1." All deposits younger than D3 postdate the cutting of the modern arroyo and are simply referred to as "post-D3." Locations of sedimentary exposures containing geochronological samples and stratigraphic descriptions are displayed in Figure 2 .
D1 and D2 deposits are dominated by thin to medium, tabular to lenticular beds of massive fi ne sand and silt with occasional thin clay drapes. Distinctive sedimentary structures are uncommon. Where they exist, sedimentary structures include normal graded bedding, weak cross-bedding, and planar lamination. Buried soils tend to be weak Entisols, often only distinguished by grayish coloration due to organic accumulation, and, occasionally, root casts are preserved in a reddish oxidized region, suggesting shallow groundwater conditions below the paleosurface. Occasionally, stratigraphic contacts with or without buried soils also contain layers of charcoal on horizontal and nonhorizontal (colluvial) surfaces, suggesting that the riparian zone burned with some frequency. Additionally, detrital charcoal is frequently associated with massive silts and sands, suggesting that charcoal from riparian and/or hillslope sources was transported and deposited in fl oods.
D3 and younger deposits are dominated by medium tabular beds of sand and occasional beds of gravel and cobbles, especially where exposed on top of erosional unconformities. No or very weak soil is present on the surface of D3 deposits.
1 GSA Data Repository item 2011268, Stratigraphic descriptions of sedimentary exposures along the Cuyama River, is available at http://www. geosociety .org/pubs/ft2011.htm or by request to editing@ geosociety.org. Calibrated using IntCal04 calibration curve. Reported as 2σ age ranges (Stuiver et al., 2005) . 
(2009).
Note: CAM-central age model; MAM-4-four-parameter minimum age model; MAM-3-three-parameter minimum age model, MAM3UL-unlogged version of the three-parameter minimum age model. γ dose rates were calculated using fi eld gamma spectrometry, and β dose rate contributions were calculated using inductively coupled plasma-mass spectrometry measurements for all samples. Cosmic ray dose rate contributions were determined using the calculations of Prescott and Hutton (1994) . Present-day water content values were assumed to be representative of those pertaining to the full burial period and were assigned relative uncertainties of ±50%. 
ALLUVIAL HISTORY OF THE CUYAMA RIVER Early and Mid-Holocene
Sedimentary deposits preserved along the axis of the Cuyama Valley are mostly less than 3000 yr old. Ages from axial sediments older than 3000 14 C yr B.P. are limited to those from a single exposure, which contains several closely spaced buried soils at E1 in the upper reaches of the Cuyama arroyo, and an isolated exposure of older alluvium beneath an unconformity in section at E7 (Fig. 3G) . While it is possible other, undated, exposures contain this older alluvium, it is likely that either much of the early to midHolocene was dominated by nondeposition, or that much of the early to mid-Holocene axial alluvium in the Cuyama arroyo was subsequently eroded.
The range of ages from Caliente Range tributary alluvium, in contrast, indicates common preservation of older Holocene deposits. The tributary ages suggest that considerable hillslope erosion and valley deposition occurred in canyons of the Caliente Range between ca. 5000 yr B.P. and ca. 750 yr B.P.
Late Holocene-D1 Deposition
D1 is the earliest widespread and well-preserved deposit along the axis of the Cuyama Valley. D1 is characterized by thin to medium tabular to lenticular beds that are dominated by fi ne sand and silt, though it also includes thin clay beds and locally coarser beds containing grains up to cobble size. Bed stratifi cation is massive to weakly horizontally bedded. Beds commonly exhibit considerable gypsiferous salt accumulation and oxidized intervals, indicating shallow groundwater levels and high rates of evaporation. Gypsum is present in the Miocene strata of Cuyama Valley, providing the source for the secondary gypsum common to the fl uvial sediments (Ver Planck, 1952) . This sedimentology is suggestive of a straight to sinuous channel that deposited material from low-velocity fl ows across a broad, low-relief fl oodplain. The lack of cross-stratifi cation, climbing ripples, levee deposits, or other diagnostic sedimentary structures may indicate that fl oods inundated the valley as sheet fl ows or as wide overbank fl ow. Furthermore, the superposed beds with planar contacts are indicative of persistent vertical accretion, rather than channel scour and fi ll.
The timing of initiation of this aggradational episode is not clear. At locale E9, several radiocarbon and OSL ages come from fairly low in the D1 section and are as old as 2770-2910 yr B.P. (Fig. 4) . Aggradation of lower D1 appears to have either been slow, or punctuated. Less than 1 m above the oldest radiocarbon samples, two ages are no older than 1880-2040 yr B.P., four more cluster between 1460 and 1770 yr B.P., and just 2 m above the oldest ages, two laterally extensive layers of charcoal provide ages of 1030-1280 and 1120-1320 yr B.P. Two OSL ages of 1210 ± 20 and 1230 ± 90 yr B.P. are adjacent to radiocarbon ages that are 200-500 yr older, suggesting either that old wood was dated or that OSL slightly underestimated the age of deposition. At a somewhat diffi cult to interpret exposure, E11, a single radiocarbon age of 1470-1750 yr B.P. from beneath two buried soils may be an early D1 age (Fig. 5B) .
D1 is only exposed along the Cuyama River beneath unit D2 or D3, and it does not appear to be subaerially exposed at any point along the arroyo reach. The nature of the contact between D2 and D1 is variable, but it lacks steep buttress unconformities typical of arroyo stratigraphy (e.g., Waters and Haynes, 2001 ). This is consistent with the sedimentology of D1 and D2, neither of which is indicative of entrenched channel fi lls.
The preservation of upper D1 is variable because D1 sits stratigraphically beneath a buried soil formed on erosional topography. At E9, D1 is capped with a low-relief and stratigraphically high buried Entisol and, therefore, is likely preserved with minimal erosion. The youngest radiocarbon ages from D1 at E9 are 790-970 yr B.P., 980-1170 yr B.P., and an OSL age of 990 ± 80 yr B.P. At E3, an extensive layer of detrital charcoal from upper D1 yielded an age of 730-840 yr B.P., and at E2, an extensive layer of detrital charcoal from within a buried soil on top of D1 yielded an age of 720-780 yr B.P. (Figs. 3B, 3C , and 4). These ages suggest that D1 sedimentation ceased by ca. 700 yr B.P.
Late Holocene-D2 Deposition
D2 deposits resemble D1 deposits sedimentologically; they are dominated by extensive fi ne to medium, tabular beds of sand, silt, and thin clay lenses. These deposits commonly lack coarse sands or gravels that might indicate deposition in an entrenched channel. D2 was deposited stratigraphically above D1. D2 sits stratigraphically beneath D3 in some locations and contacts topographically inset D3 across a buttress unconformity in some locations. Based on the age of upper D1, a period of fl uvial erosion occurred between 950 and 650 yr B.P., prior to deposition of D2. At E9, incision occurred between 950 and 750 yr B.P., and soil formation on D1 deposits may have only lasted 100-300 yr. At E12, several ages from lower D2 deposits suggest that these sediments were deposited locally by ca. 800 yr B.P. (Fig. 5C) .
After D2 was deposited, channel entrenchment occurred. The timing of this is constrained by radiocarbon ages from upper D2 deposits just beneath the main valley terrace tread. At E9, two radiocarbon ages of 360-540 and 360-550 yr B.P. indicate that the last stages of deposition continued until between 550 and 350 yr B.P., while the youngest OSL age makes it permissible that deposition continued until 260 yr B.P., though there is no other evidence to support deposition into the youngest part of that OSL age range (Fig. 4) . Two radiocarbon ages of 370-550 and 360-540 yr B.P. from E10 and a radiocarbon age of 370-470 yr B.P. from E16 further support that the cessation of D2 deposition likely occurred prior to 350 yr B.P. (Fig. 5E) .
Several radiocarbon ages from D2 deposits are apparently spurious. These include inconsistent age-depth relationships among radiocarbon dates from D2 at exposure E9 (Fig. 4) . In particular, the age of 392 ± 36 14 C yr B.P., when calibrated, is several decades younger than calibrated ages higher in the same stratigraphic section (Fig. 4) . This discrepancy could be caused by sample contamination during processing or by the presence of several charcoal samples above this sample from wood that spent time on hillslopes or in the fl uvial system prior to deposition. Three OSL ages from the same exposure are stratigraphically consistent and span a similar age range to the seven radiocarbon ages (Fig. 4) . This confi rms that even with stratigraphic reversals present in the radiocarbon data set, the overall range of age of the alluvial deposit at E9 is well constrained to between 350 and 800 yr B.P. At E16, similar issues exist with the age-depth relationship of radiocarbon ages. Two radiocarbon ages (2590 ± 180 and 1195 ± 71 14 C yr B.P.) have calibrated age ranges centuries older than samples taken from lower in the same stratigraphic section, and two other radiocarbon ages of 757 ± 31 and 960 ± 31 14 C yr B.P. are at least several decades older than would be expected from their stratigraphic position relative to younger dated samples (Fig. 5E ). Again, we suspect "old wood" explains these discrepancies.
Late Holocene-D3 Deposition D3 deposits are easily distinguished from older deposits by the preponderance of 0.2-1.5-m-thick massive sand beds. D3 occasionally contains clasts up to cobble size, especially where preserved on sharp unconformities that appear to be cut by channels (Fig. 3C) . D3 occupies two positions in the landscape: (1) as an inset fi ll adjacent to, and beneath, older deposits, and (2) superposing older deposits, and underlying the main valley terrace. The sedimentology of D3 deposits indicates that they were deposited from both channelized and poorly confi ned fl oods. The massive sands, which characterize the deposits that broadly underlie the main valley terrace, are suggestive of rapid deposition from ephemeral, poorly confi ned, sheet fl ow-type fl oods. Evidence for this includes their laterally extensive, nonerosional beds, which lack either lenticular channel elements or coarse, erosional channel fi lls (Tunbridge, 1981; Bromley, 1991; Hampton and Horton, 2007) . Where D3 sits as an inset fi ll, it commonly has a sharply erosional base with a basal layer of cobbles to small boulders. These apparent channel deposits are covered by massive sandy deposits indicative of channelized fl oods (Tunbridge, 1981) . These channelized fl ows then transitioned to the zones of poorly confi ned sheet fl ow, resulting in the alternating geometry of D3 deposits. Most radiocarbon ages from D3 are younger than 350 14 C yr B.P. (Table 1) , and therefore many yield imprecise calibration to calendar years. This deposit is less than 400 yr B.P. and older than 50 yr B.P. The youth of this deposit is confi rmed by the lack of soil development and its loose, nonindurated character. A single OSL age of 175 ± 63 yr B.P. from E2 also supports this interpretation (Fig. 3B) . These ages indicate that very little time elapsed between the deposition of upper D2 and deposition of lower D3, and that this incision occurred rapidly between 550 and 350 yr B.P. before the Cuyama River began to aggrade once again.
There are a few apparently spurious ages from D3 deposits. These include the ages of 469 ± 34 14 C yr B.P. at E16 and 1361 ± 32 14 C yr B.P. at E17, both of which are signifi cantly older than ages below them in the same stratigraphic section (Fig. 5F ). This indicates that they are from "old" charcoal that resided on the hillslope or elsewhere in the fl uvial system for centuries before transport and deposition. The age of 340 ± 38 14 C yr B.P. from a layer of charcoal 3 m beneath the terrace tread at E17 is somewhat ambiguous, and the age of 584 ± 69 14 C yr B.P. from a depth of nearly 8 m at E17 may be from D2 deposits that sit beneath an undetectable stratigraphic contact.
The arroyo cutting that occurred after D3 deposition was the most recent widespread valley incision. Cooke and Reeves (1976) suggested that the modern arroyo acquired its present dimension prior to 150 yr B.P. Colloquial evidence from ranchers in Cuyama Valley suggests that ongoing incision of up to several meters has occurred along the Cuyama River over the past few decades. Ongoing fl uvial incision is further evidenced by the postbomb radiocarbon age from an abandoned channel perched ~2 m above the modern channel elevation at E10 (Fig. 6 ).
CHANGES IN FLUVIAL SYSTEM FORM PRESERVED IN LATE HOLOCENE DEPOSITS OF CUYAMA VALLEY
The ages of deposits, and their locations in both map view and in stratigraphic section allow us to unravel the fl uvial process changes that have occurred over the late Holocene in Cuyama Valley. The most apparent change in fl uvial process is an overall trend from a broad, straight or sinuous, relatively low-energy fl uvial system to a more dynamic, narrow, higherenergy fl uvial system. Evidence for this trend includes the transition through time from deposition of extensive, vertically accreted, tabular beds of fi ne sand, silt, and clay to massive beds of sand to gravel bound within steep, arroyowall unconformities. It appears that in the intermediate stage between the broad, relatively low-energy system to the establishment of the historical continuous arroyo, the fl uvial system was characterized by alternating entrenched and unentrenched reaches in which unit D3 was deposited. This occurred in a spatial pattern alternating between deposition across the valley fl oor on top of older deposits and deposition as an inset fi ll adjacent to and lower than older deposits (Fig. 7) .
The alternating pattern of D3 deposition is particularly well expressed in the upper reaches of the Cuyama arroyo. Along the alluvial knick zone formed by headward migration of the modern arroyo, terrace height increases rapidly in the downstream direction, and, at fi rst, the ter- race is capped by a thin veneer (<1 m) of D3 deposits at E1 ( Fig. 3A ; displayed schematically as A-A′ on Fig. 7 ) that thickens substantially in the downstream direction around exposure E3, and that is characterized by a sharply erosional base and large bodies of gravel and cobbles mantling the irregular contact (Fig. 3C ). This sedimentology and alluvial architecture indicate preservation of a "paleo-knick zone" in a position similar to the modern knick zone. Farther downstream, exposures E5-E7 display D3 above an unconformity that varies in its elevation relative to the modern channel bed (Figs. 3E-3G ).
Farther downstream, at E8, D2, rather than D3, underlies the main valley terrace and is characterized by a diagnostic gray Entisol and extensive tabular beds of fi ne sand, silt, and clay ( Fig. 5A ; displayed schematically as B-B′ on Fig. 7 ). Just upstream of exposure E8 at valley km 7.5, D3 begins appearing as a narrow inset fi ll terrace rather than underlying the main valley terrace. This is clearly seen at E10 (valley km 11), where D3 is an ~6-m-thick inset fi ll terrace, and it sits against a steep, buttress unconformity adjacent to D2 rather than sitting above it stratigraphically (Fig. 6) .
From valley km 7.5 to 30, D2 underlies the main valley terrace and is capped by a characteristic gray Entisol. The terrace tread elevation ranges from 9 to 12 m above modern channel elevation. Along this reach, D3 deposits are generally 5-7 m thick and sit as narrow, remnant inset fi ll terraces.
Downstream of valley km 30, D3 deposits again underlie the main valley terrace (Fig. 5E ). This is confi rmed by radiocarbon ages from E16, which yielded two very young (110 ± 36 and 121 ± 36 14 C yr B.P.) ages from 2 m beneath the terrace tread and 7.5 m above modern channel elevation, and from exposure E17, where two young ages (203 ± 30 and 198 ± 38 14 C yr B.P.) and no terrace-capping Entisol confi rm presence of D3 underlying the main valley terrace (Figs. 5E and 5F ).
The relative positions of D2 and D3 change once more near the western end of the Cuyama arroyo. At E18, D3 is inset 1-2 m beneath D2, and it is perched on a small fi ll-cut strath of D2 (or older alluvial fi ll) with its base 2 m above the modern channel elevation (Fig. 8) . Over the next few kilometers, terrace height decreases, and the Cuyama River enters a bedrock canyon reach in which there is very little alluvial storage.
After incision into D3 deposits, the Cuyama River achieved its present form as a continuous arroyo. This historical arroyo is sinuous and contains several low fi ll terraces, including a common 2-2.5-m-thick sandy fi ll (Fig. 3D) , and a few lower fi ll levels, the most recent of which may be the result of a large fl ood in 1998 (Bowers, 2001; Arnold et al., 2009) .
PALEOCLIMATIC CORRELATION TO CHANGES IN FLUVIAL PROCESS DURING THE LATE HOLOCENE
Arroyo processes elsewhere in the American Southwest are thought to be driven primarily by short-term climate change. Matching climate records with alluvial records is challenging due to imprecision in some dating methods, but regional patterns of arroyo cutting and fi lling often correlate with records of climate change.
Some general comments can be made about the way in which regional climate regimes may be correlative with periods of fl uvial process change in Cuyama Valley (Fig. 9) . The oldest sediments that are well preserved in the Holocene stratigraphic archives in Cuyama Valley Modern alluvium
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Reviewed by Hereford (2002) Reviewed by Waters and Haynes (2001) Climate conditions and events possibly affecting Cuyama River are D1 deposits that were deposited beginning around 1700-1200 yr B.P. and continued until a period of incision between 950 and 700 yr B.P. This corresponds with the Medieval Warm Period, which may have been characterized by decreased frequency of large fl oods in the southwestern United States (Ely, 1997) . This time was characterized by low lake levels at Soda Lake, located 20 km north of the Cuyama River (Eigenbrode, 1999) . These low lake levels persisted with minor fl uctuations until 850 yr B.P., when lake level rose. These persistent low lake levels might suggest that peak event discharges of the Cuyama River were insuffi cient to effect signifi cant bed load transport or bed incision during this time, leading to deposition of fi ne materials in low-energy fl ows by vertical accretion. This time period also overlaps with a period of severe drought in the Sierra Nevada Mountains that terminated ca. 900 yr B.P., followed by a shorter drought that terminated at 650 yr B.P. (Stine, 1994) . Palynological evidence for a drought that terminated at 850 yr B.P. comes from the Sierra Nevada and Great Basin (Mensing et al., 2007) , and a wide range of paleoclimate proxies, including pollen, plant macrofossil, streamfl ow (from tree rings), and lacustrine records, generally point to drought in the western United States during the Medieval Warm Period (Tausch et al., 2004; Meko et al., 2007) .
Incision along the Cuyama River between 950 and 700 yr B.P. generally corresponds to lake level rise at Soda Lake ca. 850 yr B.P., the end of two periods of Sierra drought, expansion of marshes and lakes, and lowering of tree lines in the Great Basin (Tausch et al., 2004) . This allows for the possibility that postdrought fl ooding caused the post-D1 fl uvial incision in Cuyama Valley.
Deposition of D2 occurred between 700 and 350 yr B.P., during the warm, dry period of the late Medieval Warm Period prior to the cooler conditions of the Little Ice Age. This aggradation is consistent with a widespread period of sediment storage along channels elsewhere in the southwestern United States, and it is widely thought to be associated with a period of lowered peak channel discharge (reviewed in Hereford, 2002) .
In other fl uvial systems in the southwestern United States, Little Ice Age deposition continued unabated until historical arroyo cutting began at the end of the nineteenth century (e.g., Hereford, 2002) . By contrast, in Cuyama Valley, deposition during this time was punctuated by incision between 550 and 350 yr B.P. This followed the deposition of D2 and may correlate with an extreme fl ood recorded in the layered sediments of the marine Santa Barbara Basin in 1605 CE (ca. 400 yr B.P.) (Schimmelmann et al., 2003) . The Cuyama River drainage basin sits immediately adjacent to several rivers that drain to the Santa Barbara Basin, and a significant Pacifi c storm event or particularly wet year recorded in the Santa Barbara Basin would have almost certainly affected the Cuyama River watershed as well. Furthermore, precipitation reconstructions from tree rings from mountains to the south and east of the Cuyama River indicate anomalously wet conditions between ca. 450-390 and 325-300 yr B.P. (Haston and Michaelsen, 1994) . To the southeast, fl oods on the Mojave River, recorded as a pluvial episode in the Silver Lake Playa at 390 ± 90 yr B.P. (Enzel et al., 1992) , might be the same event as that recorded in the Santa Barbara Basin or at least indicate a period of increased discharge in southern California around the time of cessation of D2 deposition and establishment of the penultimate arroyo system along the Cuyama River.
Deposition of D3 along the Cuyama River occurred between 350 and 150 yr B.P., during the late Little Ice Age. Hereford (2002) discussed the relationship between valley fi lling during this period and climate in detail. He argued that weakened El Niño-Southern Oscillation (ENSO) circulation led to less of the extreme fl ooding commonly related to El Niño events in the southwestern United States. These moderate conditions favored the deposition of fl uvial material because bed incision is often triggered by extreme hydrologic events. This interval postdates the most recent pluvial stage at Silver Lake Playa and nearby Soda Lake, indicating that this interval of time was relatively dry (Enzel et al., 1992; Eigenbrode, 1999) .
The modern arroyo was established sometime since ca. 150 yr B.P. Though Cooke and Reeves (1976) reported unspecifi ed evidence that the Cuyama arroyo has existed since prior to 1850 CE, the extreme fl ooding of 1861-1862 CE in southern California (Engstrom, 1996) is a possible cause of post-D3 channel incision along the Cuyama River. Elsewhere in the southwestern United States, the late nineteenth century arroyo cutting occurred during a time of increased fl ooding and/or increased overall moisture at the end of the nineteenth century (e.g., Waters and Haynes, 2001 ). There is some evidence from the Sierra Nevada, particularly from closed lake basins (Stine, 1990 (Stine, , 1994 Harding 1965 ) and tree-line dynamics (LaMarche, 1973) , to suggest that the end of the Little Ice Age ca. 150 yr B.P. may have been characterized in California by increased precipitation and temperature. These conditions may have led to more extreme runoff and, hence, could have led to channel incision along the Cuyama River. Our data do not allow precise dating of the post-D3 arroyo formation, which remains as a modern continuous arroyo.
In addition to the way in which climate may affect stream discharge, the link between precipitation and sediment supply can also be controlled by local hillslope process (e.g., Bull and Schick, 1979) . Complicating the consideration of this possibly fi rst-order control on aggradation and deposition along an axial channel, there are the many process linkages and time lags that are necessary before hillslope process begins to affect large axial channels (Schumm, 1991; Germanoski and Miller, 2004) . Miller et al. (2001) , for example, cited sediment delivery from hillslopes in upland Great Basin watersheds as being initiated by warm and dry conditions and indicated that the axial response since then has been largely controlled by tributary-mouth alluvial fans as a legacy of earlier hillslope response (Miller et al., 2001 ). Earlier workers proposed vegetation cover on hillslopes as a primary control on sediment delivery to the fl uvial system (Bryan, 1925; Hack, 1942; Wells et al., 1987) . In Cuyama Valley, the large ranges in elevations, slope aspects, slope vegetation, lithologies, and the large drainage basin size generally preclude a simple linkage among climate, hillslope sediment production, and axial fl uvial process. Furthermore, because the Cuyama River upstream of the arroyo reach is a broad alluviated valley that drains the rapidly eroding Cuyama Badlands, the fl uvial system may remain transport limited, effectively buffering hillslope sediment supply. The exception to this may be the most extreme events, during which sediment supply is high but discharge is suffi cient to enable bed incision.
Our observations indicate that, along the Cuyama arroyo, there are locations at which coarse tributary material appears to be interbedded with axial material, but these locations are limited to the mouths of the small canyons draining the Caliente Range where the Cuyama River is very close to the range front. These canyons comprise a small percentage of the source area for the Cuyama River, so their sediment delivery is unlikely to have more than a local effect on the axial system.
The chronology of incision and sedimentation along the Cuyama River is remarkably similar to chronologies developed along desert streams to the east in the Basin and Range, and to those developed in the Colorado Plateau, even though these areas bear little physiographic similarity (Fig. 9 ). This regional correlation is most likely a result of the regional-scale infl uence of climate. While the details of the responses of each stream to climate changes and the sedimentary deposits left by these responses may vary, mid-to late eighteenth century arroyo cutting occurred along many streams, and earlier episodes of fl uvial process change occurred at a similar temporal interval.
CONCLUSIONS
Detailed study of fl uvial deposits along the Cuyama River arroyo in southern California allows us to reconstruct the complex spatial and temporal history of late Holocene fl uvial process. Between ca. 1700 and 950 yr B.P., the Cuyama River deposited extensive tabular deposits of fi ne sand, silt, and clay. A period of incision and soil formation then occurred between 950 and 700 yr B.P. This period of erosion is characterized by fairly shallow paleosurfaces in the stratigraphic record and, hence, was likely not a period of establishment of an extensive steep-walled arroyo analogous to the present channel form. Next, deposition of more tabular beds of fi ne sand, silt, and clay resumed and continued until ca. 350 yr B.P. Incision then occurred between 550 and 350 yr B.P., possibly during a regional fl ood event at 1605 CE. This led to establishment of an arroyo along the Cuyama River that may have been deeper along some reaches than others, based on the geometry of deposits that followed the period of incision. The Cuyama River then aggraded along the length of the arroyo reach. These units were deposited in alternating zones of deposition across the valley fl oor and zones of deposition within the steep arroyo walls along the valley axis. These sedimentary deposits are interpreted to be records of a channel that was physically similar to the complex geometry found along modern dryland channels. This deposition continued until the establishment of the modern continuous arroyo, perhaps just prior to 150 yr B.P.
The timing of episodes of fl uvial incision and aggradation appears to generally correspond to particular climatic conditions. Fluvial aggradation appears to have occurred mostly during relatively dry climates (or at least times without regional records of extreme fl ooding), and fl uvial incision appears to have been triggered by the signifi cant fl ood events, just as previous workers laid out for areas to the east. These climate-driven episodes of incision and aggradation are superposed on an overall transition from a broad, low-energy stream that deposited fi ne materials across a wide valley fl oor to a narrow entrenched channel dominated by transport and deposition of sand and gravel.
This study underscores the fact that arroyo cutting and fi lling can be spatially and temporally complex. Reconstructing fl uvial paleoprocesses requires detailed study of multiple exposures along the length of a channel. Furthermore, predictions of channel response to climate change in any system are complicated by the evidence from the Cuyama River for multiple styles of fl uvial response over a period of centuries along the Cuyama River. While this study highlights the challenges of separating the effect of the particular style of fl uvial response to a given climate change from intrinsic fl uvial system cyclicity, and the ways in which these might work in concert, it strengthens the growing body of research suggesting that climate is a primary driver of fl uvial systems on relatively short time scales and over regional spatial scales.
